SEMI  ANNUAL 
of  the  Work 
BART01  RESEARCH 
0?  THE  PRAMLIN 


REPORT 
of  the 
FOUNMTIOK 
INSTITUTE 


(February  I9  191)3  — June  30,  1953) 


Performed  Under  Contract  None  436(00) 
with  the 

OFFICE  0?  NAVAL  RESEARCH 


TABIE  OF  CONTESTS 


Inelastic  Scattering. 

Aa  Neutrons 
Bo  Gamma  rays 

Total  Ores  a Sections;  Angular  Distribution 
of  Elastic  Scattering;  Inelastic  Cross 
Sections « 


TABLE  OF  OOHTEHTS 


Inelastic  Scattering. 

A0  Beutrons 
Bo  Ganmn  rays 

Total  Gross  Sections  ; Angular  Distribution 
of  Elastic  Scattering;  Inelastic  Cross 
Sections o 


EERSOMEL 


Physicists:  (Bart®tin»  or  MJL®time) 

D*  Wo  Kent 
Co  Eo  Hand e vi lie 
Eo  R0  Ketsger 
Mo  A.  Rcrthatn 
S«  Co  Snowdon 
I.  Do  Whitehead 

Technicians : (Half-time) 

Ro  Wo  Cunnett 


Ru)>ort  sub 


I.  INELASTIC  SCATTERING 


MEASUREI/’ENT  OP  NEUTRON  ENERGIES 


In  the  foregoing  semi-annual  report „ results  were 
presented  concerning  neutron  scattering  from  iron*  A 
survey  of  various  geometries  was  carried  out  with  the  idea 
of  obtaining  one  which  provided  good  resolution  and  at  the 
same  time  was  relatively  simple.  One  of  the  geometries 
which  appeared  promising  was  that  of  the  20-cm  "paraffin 
wedge”.,  This  arrangement  is  depicted  in  Figure  1.  As  a 
trial  scatterer,  a cylinder  of  chromium  was  employed.  The 
scattered  neutrons  were  detected  at  an  angle  of  90°  with 
the  incident  neutrons.  A background  run  was  taken  with  no 
scatterer  present.  The  accumulated  background  was  sub- 
tracted from  the  data  obtained  when  the  scatterer  was  pre- 
sent. The  background  data  as  well  as  those  with  scatterer 
present  were  normalized  to  take  properly  into  account  the 
incident  neutron  flux  and  the  plate-area  scanned.  The 
resulting  spectrum  is  shown  in  Figure  2 where  it  is  clear 
that  three  resolved  groups  of  neutrons  are  present.  The 
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is  the  oliiati&silly  scattered  one . 


The  two  groups  of  neutrons  at  lower  energies  result  from 
the  inelastic  scattering  process.  They  would  correspond 
to  formation  of  Cr^  in  excited  states  at  ^1,43  and 
'-^1.93  Kev,  The  broken  line  is  the  energy  distribution 
of  recoil  protons  corrected  for  variation  with  energy  of 
the  n-p  scattering  cross  section  and  acceptance  probability. 
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GEOMETRY  POR  DETECTION  OP  NEUTRONS  SCATTERED  PROM  CHROMIUM 


•n«rgy°o«V' 


The  ©anuna  rays  from  neutron  scattering  in  chromium  and 
their  relation  to  the  neutron  spectrum  will  be  discussed 
in  a later  section  of  this  report. 

GAMMA. -RAT  MEASUREMENTS 


A geometry  for  detecting  gamma  rays  excited  in  the 
inelastic  scattering  process  is  given  in  Figure  3*  In 
this  arrangement,  neutrons  are  produced  in  the  D-D  reaction 
at  the  target  of  the  Van  de  Graaff  statitron  and  proceed  to 
the  scattering  ring  of  material  about  the  crystal  of  Kal-Tl. 
There  they  are  detected,  and  the  pulse-height  distribution 
is  observed  in  a single  channel  pulse-height  discriminator. 

The  procedure  adopted  was  to  measure  the  background  in 
the  scintillation  detector  and  then  measure  the  total  count- 
ing rate,  background  and  contribution  from  the  scatterer 
included*  The  background  was  measured  in  each  interval  of 

two  volts,  the  dummy  scatterer  being  a graphite  ring*  Sine® 

12 

the  first  excited  level  of  C is  at  4*43  Mevc  the  carbon 
ring  contributed  no  gamma  ray  arising  from  any  inelastic 
scattering  effects*  It  was  not  considered  correct  to  take 
the  measured  counting  rate  with  no  scatterer  present  at  all 
as  the  background,  because  the  scattering  ring  deflects 
neutrons  into  the  crystal  giving  rise  to  capture  gamma  rays 
and  to  radioactivity,  the  25=minute  iodine*  The  high  energy 
beta -ray  spectrum  of  this  radioisotope  contributes  materially 
to  the  background  count. 


GEOMETRY  AND  CIRCUITRY  OP  SCINTILLATION  COUNTING  EXPERIMENT 


In  Figure  4 io  the  pulse-height  distribution  of  the 
{ gamma  rays  resulting  from  the  scattering  of  3*9  Mev 

gamma  rays  by  chromium  along  with  the  background  obtained 
with  the  oarbon  ring  replacing  the  metallic  scatterer* 

It  should  perhaps  be  remarked  that  no  measurements  of  any 
kind  were  commenced  until  after  the  Van  de  Graaff  had  been 
producing  neutrons  for  metre  than  an  hour  to  bring  to  ap- 
proximate equilibrium  the  2 5 minute  activity*  to  Figure  5. 
similar  curves  are  presented  for  graphite  and  lead* 

In  Figures  6„  7e  80  and  9 are  pulse^height  distribu- 
tions with  background  subtracted  of  gamma  rays  emitted  In 
the  inelastic  scattering  process  by  iron,  bismuth,  chromium, 
and  lead*  The  energies  and  relative  intensities  of  the 
gamma  rays  are  summarised  in  Table  I* 
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FIGURE  k 


GAMMA  RAYS  EXCITED  BY  INELASTIC 
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The  relative  intensities  of  the  gamma  rays  are  per  atom 
of  element  present  per  unit  of  neutron  flux.  Thus,  the 
intensities  can  be  compared  among  themselves,  irrespective 
of  element.  For  example,  the  ratio  of  the  intensity  of  the 
2*66  Mev  gamma  ray  of  lead  to  that  of  the  0*85  Mev  gamma 
ray  of  iron  is  450:680,  if  equal  numbers  of  lead  and  iron 
atoms  are  irradiated  by  fast  neutrons  of  energy  3*9-Mev* 

In  arriving  at  the  relative  intensities  of  Table  I,  it  ms 
necessary  to  attempt  to  take  into  acoount  the  attenuation 
of  neutrons  and  gamma  rays  in  the  ring  scatterers  • Several 
approximations  are  involved)  so  it  is  thought  that  the  re- 
sults are  accurate  only  to  a factor  of  2 at  3« 

The  method  of  analysis  of  the  gam  nm -ray  spectra  should 

now  be  considered.  In  Figure  10  is  shown  the  gamma-ray 
24 

spectrum  of  Ha  . This  curve  is  readily  interpr* table « 

The  photoelectric  peak  of  the  2.76  Mev  gamma  ray  is  present, 
followed  by  esoape  peaks  at  2.25  Mev  and  1.74  Mev  whloh  are 
superposed  upon  the  Compton  distribution.  The  photoelectrio 
peak  of  the  1.58  Mev  radiation  also  appears  and  somewhat 
lower  in  energy  is  the  associated  Compton  edge.  The  spectrum 
of  Ha2*  ms  observed  with  the  radioactive  source  within  the 
lead  scattering  ring  in  the  geometry  of  Figure  3e  outside 
the  ring,  and  directly  in  front  of  the  scintillation- 
counting  crystal*  The  three  spectra  did  not  differ  materially 
among  themselves.  They  all  resembled  Figure  1C  whloh  ms 
taken  with  the  source  of  He2*  in  front  of  the  crystal.  The 
value  of  this  curve  in  making  an  analysis  is  immediately 
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i puls*  height  -----  volts 


FIGO&S  9 

Gamma  my  a excite i by  scatter!  ns  of  3-9~M?v  neutrons  in  lead  (background 
subtracted).  Tala  curve  ia  obtained  by  treating  the  nigh  energy 
region  of  Figure  $ Because  of  certain  experimental  imeertaintioa 
the  region  of  loiter  energy  n&a  not  analysed  in  detail  for  lead. 


I 


PULSE  HEIGHT  DISTRIBUTION 

n&Vf\JIL  RAV«  RRAM 


{■[-OT*)  puooo8  asd  squmoo 


evident*  For  example,  the  photoelectric  peak  and  first 
escape  peak  of  the  2.66  Mev  gamma  ray  are  clearly  recognis- 
able in  Figure  9 on  comparing  them  with  the  photo-peak  and 
first  escape -peak  of  the  2.76  Her  gamma  ray  of  He2** 

Similar  comparisons  shew  that  a 2.66  Mev  gamma  ray  is  excited 
in  bismuth  as  shewn  in  Figure  7o  However,  the  high  energy 
edge  of  the  photo-peak  does  not  drop  off  rapidly.  Instead, 
it  drops  slowly,  suggesting  the  presence  of  gamma  radiation 
of  higher  energy.  An  indication  of  a photo-peak  appears  at 
3 #26  Mev.  The  gamma- ray  spectrum  of  iron,  given  in 
Figure  6,  exhibits  peaks  which  are  conservatively  inter- 
preted as  two  gamma  rays  having  respectively  energies  of 
0.85  Mev  and  2.15  Mev.  The  peak  lower  in  energy  and  adjacent 
to  the  photo-peak  at  2.15  Mev  is  at  present  interpreted  as 
an  escape  peak.  Gamma  rays  of  energies  greater  than  2.15  Mev 
are  clearly  present  but  are  not  specifically  identified  in 
energy.  The  bulk  of  the  gamma  radiation  of  chromium  is 
evidently  concentrated  in  a gamna  ray  at  1.43  Mev  as  shown 
in  Figure  8.  Gamma  rays  of  higher  energy  are  also  present. 

The  gamma  ray  of  energy  1.43  Mev  is  thought  to  be  exalted 
52 

in  Cr  « and  the  gamma  rays  cf  higher  energy  are  thought  to 
be  emitted  from  other  isotopes  of  chromium.  The  relative 
isotopic  abundance  of  Cr*52  is  82  per  cent.  The  gamma  rays 
of  higher  energy  are  thought  not  to  be  emitted  from  Cr**2, 
because  the  spin  values  of  its  energy  levels  make  cross- 
over transitions  of  energies  greater  than  1.43  Mev  very  im- 
probable. In  Figures  6,  7,  and  9,  the  speotra  for  Iron, 


bismuth,  and  lead,  it  is  to  be  noted  that  an  intensive 
gamma  lay  appears  at  Q<>51  Mev0  This  is,  of  course,  the 
annihilation  radiation  resulting  from  pair  production  by 
the  high  energy  gamma  rays  within  the  ring  scattcrers 
themselves  » 

Returning  to  the  phot cgraphic  plate  spectrum  of 
Figure  29  it  should  be  noted  that  although  the  1*45  Mev 
gamma  ray  corresponds  properly  to  the  energy  difference 
between  the  elastic  group  and  the  mare  energetic  inelastic 
one,  no  gamma  ray  was  detected  corresponding  to  the  energy 
difference  between  the  two  inelastio  groups*  The  precise 
explanation  for  this  discrepancy  between  the  gamma  ray  and 
neutron  measurements  may  have  either  of  two  farms » 

1)  The  least  energetic  group  of  neutrons  in  the 
spectrum  of  Figure  2 may  result  from  scattering 
of  neutrons  from  the  paraffin  wedge  into  the 
chromium  scatterer  and  thence  to  the  photographic 
plates  c The  background  run  should  have  been  taken 
with  a oarbon  cylinder  in  place  of  the  chromium 
cylinder*  Instead,  the  background  was  simply 
oollected  with  the  chromium  scatterer  removed  and 
nothing  taking  its  place* 

2)  The  gamma»ray  spectrum  of  chromium  rises  steadily 
below  0,7  Kev*  The  counting  rate  is  not  immediately 
irtcrpretableo  The  pile-up  of  counts  in  the  region 


of  low  energy  nay  be  related  to  scattered  gamma 
radiation  having  its  origin  in  various  parts  of 
the  Van  de  Graaff  statitron  and  obscuring  the 
sought  for  gamma  ray  corresponding  to  the  energy 
difference  between  the  two  inelastic  groups  of 
neutrons o 

It  is  hoped  that  these  several  difficulties  will  be 
resolved  in  the  near  future. 
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II.  TCTAI  CROSS  SECTIONS f ANGULAR  DISTRIBUTION  OF 
ELASTIC  SCATTERING j INEXASTIC  CROSS  SECTIONS. 

Introduction 

Measurements  of  the  angular  distribution  of  fast  neutrons 
scattered  from  a large  number  of  elements  hare  been  reported 

1 9 

previously  by  Kikuehl  end  Acrid  et  al«,  and  Amaldi  at  al.  in 
which  the  main  features  of  the  distribution  could  be  explained 
as  the  diffraction  effeots  due  to  the  scattering  of  nsutxon 

3 

waves  by  spherical  particles.  Hare  recently  Remand  and  Ricaao 
have  measured  angular  distribution  of  3.7  Mev  neutrons  scattered 
from  carbon  while  Walt  and  Barsahall^,  using  lo00  Mev  neutrons 
have  reported  the  angular  distributions  far  a large  number  of 
elements c Feshback,  Porter  and  Welsakopf^,  using  a modification 
of  the  oorrt inuun  theory  of  nuclear  reactions,  bars  reproduced 
the  average  features  of  the  total  neutron  arose  section  versus 

g 

energy  and  atomic  number  as  measured  by  Barsohall  » Feshback, 
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Porter,  and  Weisskopf  have  also  computed  the  angular  distribu- 
tions of  elastloaUy-soattered  neutrons  using  this  same  modifica- 
tion of  the  continuum  theory  and  the  general  features  agree 
rather  well  with  the  measurements  of  Walt  and  Barsohall^.  Our 
measurements  on  aluminum.  Iron  and  lead,  using  3.7  Mev  neutrons, 
were  undertaken  with  the  thought  that  the  angular  distribution 
in  this  energy  range  would  be  of  value  in  view  of  the  present 
thecretloel  considerations. 

Bgperimental 

Figure  1 shows  the  experimental  arrangement  that  was  used 
to  measure  the  angular  distribution  of  neutrons  scattered  from 


FIGURE  1,  Ring  geometry  for  acatterer,  (3),  deuterium  gas  at  one-half  atmosphere  pressure  to  give  neutrons  of 
about  3 7 Mev;  (D)  Lucite-sinc  suLphide  scintillation  detector;  (A)  ring  saitterer  of  rectangular 
cross  section. 


aluminum,  iron  and  lead*  The  source  of  neutrons  is  a chamber 
of  deuterium  gas  at  0.5  atmosphere  and  2.0  cm  in  depth  bombarded 
with  about  10  microamperes  of  1.0  Mev  deuterona  which  after  pass- 
ing through  the  nickel  foil  and  gas  have  a mean  energy  of  about 
0.65  Mev.  These  neutrons  are  detected  by  a pressure  molded 

Q 

Luoite-sino  sulphide  button  mounted  directly  on  the  face  of  an 
RCA.  5819  photomultiplier.  The  direct  beam  is  cut  out  by  a suit- 
ably tapered  10  inch  long,  1 1/8  inch  diameter  iron  cylinder* 

The  eoatterer  was  chosen  to  have  the  shape  of  a ring  in  order  to 
Increase  as  much  aa  possible  the  number  of  eoatt  red  neutrons. 

The  scattering  angle  © is  varied  by  moving  the  scattering  rings 
laterally,  and  by  using  rings  of  various  sites.  For  angles 
between  52°  and  140°  degrees,  8 inch  O.D.  rings  wtre  used  with 

a mean  source-detector  distance  R„  of  40  cm.  Far  & between 

o 

24  degrees  and  52  degrees,  6 O.D.  in  oh  rings  were  used  with  RQ 
equal  to  60  cm.  For  the  point  at  13°,  4”  0oD.  rings  were  used 
with  Rq  equal  to  72  om. 

In  order  to  discuss  the  measurements  that  must  be  made  to 
arrive  at  the  differential  scattering  cross  section,  it  is  con- 
venient to  define  several  quantities.  For  a given  number  of 
neutrons  emitted  by  the  neutron  source,  let  Ig  be  the  number  of 
neutrons  recorded  by  the  detector  with  the  eoatterer  and  direct 
beam  attenuator  in  place  o Let  be  the  number  of  neutrons  de- 
tected with  the  soatterer  removed  and  let  be  the  number  of 
neutrons  recorded  with  the  eoatterer  and  attenuator  removed. 

The  Hg-Kg  is  the  number  of  scattered  neutrons  recorded  by  the 
detector  that  originate  in  the  source,  and  Kp-Kg  is  tha  number 


^ of  neutrons  direct  from  the  source  that  are  recorded  by  the 

detector.  Let  the  scattering  ratio  be  defined  as 

S H (Hg-V/tVV- 

Appendix  I then  shoes  that  the  scattering  ratio  S is  related 
to  the  apparent  differential  scattering  cross  seoticn  <T"  ( © ) 
through  the  relation 


x(*1)A(0)JlRo2/a12ii2i 


. (T  ( « )A(  ®2  )E(  )nVJ(  «2  }.xp<  »<fna ) (1) 


*h«r«  I(a ) is  the  number  of  neutrons  emitted  from  the  souree 
( p^r  steradlan  per  unit  monitor  flux,  A(G^)  is  the  angular 

sensitivity  of  the  neutron  detector  normalised  to  unity  at  sero 
angle,  Ed^)  is  the  energy  sensitivity  of  the  neutron  detector 
normalised  to  unity  for  the  energy  of  the  direct  beam,  nV  is 
the  number  of  scattering  nuclei,  CP  is  the  total  scattering  cross 
section,  and  P(@g)  is  an  attenuation  factor  which  is  defined 
more  fully  in  Appendix  X9 

In  general,  the  scattering  ratio  S ia  made  up  of  a sua 
of  terras  S ■ eto«0  where  S^,  S2,  eto»  refer  to  th® 

neutrons  scattered  into  the  detector  by  single  scattering, 
double  scattering,  etc*  Thus , CT(  © ) is  simply  a measure  of 
the  differential  scattering  cross  seotlon,  assuming  that  all 
neutrons  are  singly  scattered,  since <T(  0)  becomes  exactly 

{ /V 
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CT(  0)  if  S Is  replaced  by  S,  * In  order  to  separate  the  cob* 
pone at*  S^,  Sg9  eto.„  one  measures  the  scattering  ratio  S for 
a fixed  angle  © as  a function  of  the  axial  thickness  of  the 
ring  seatterer  do  The  valuj  of  G*(©)  at  d « 0 is  then  the 
average  differential  scattering  cross  section  far  all  scattered 
neutrons  (elastic  and  inelastic)  weighted  according  to  the 
energy  sensitivity  of  the  deteotor  E(En)*  In  the  ideal  cas**, 
if  the  energy  sensitivity  curve  adequately  discriminates  against 
the  ine  last  lea  lly  scattered  neutrons  t the  above  value  of  $'(©) 
fear  d * 0 becomes  the  differential  cross  section  for  elastic 
scattering  £T(  S ) * 

In  order  to  measure  (F(0)  it  is  necessary  to  consider  the 
following  factors* 

1*  Energy  resolution  of  Incident  neutrons.  The  mean 
energy  of  the  neutrons  incident  on  the  seatterer  varies  between 
3«70  Mev  and  3*74  Mev  depending  on  the  angle  The  energy 
spread  in  the  beam  due  to  target  thickness  and  voltage  stability 
of  the  generator  is  about  200  Kev0 

2*  Neutron  flux  monitor.  A proportional  counter  filled 
with  one  atmosphere  of  butane  was  placed  very  close  to  the 
target  chamber  at  90  degrees  with  respect  to  the  souroe* 
detector  axis.  The  discriminator  was  set  to  reject  those 
neutrons  that  were  produced  from  the  C^Ugn)  reaction  in 
the  vicinity  of  the  magnet  box*  Actually,  some  difficulty  was 
experienced  in  obtaining  a constant  direct  beam  neutron  count 
per  unit  monitor  count  after  the  target  chamber  was  Just  filled 

®11® 


with  deuterium  o The  pattern  of  change  , hew  ever,  was  similar 
in  each  case  and  seemed  to  indicate  that  some  of  the  deuterium 
gas  was  absorbed  into  the  walls  of  the  chamber o After  about 
an  hour  or  two  a ratio  was  obtained  that  was  constant  to 
* 5 per  cent* 

So  Measurement  of  Ss  In  general,  the  direct  beam  count 
was  about  13*100  times  the  scattered  beam  ooant  and  the  atten- 
uated direct  beam  count  varied  from  40  per  cent  to  90  per  cent 
of  the  soattered  beam  oount6  eaoh  depending  on  the  else  and 
position  of  the  scatterer. 

4o  S racial  distribution  of  neutron  source*  The  ® Bg 
count  exhibited  within  a few  per  cent  an  inverse  square  variation 
with  distance  from  the  target  chamber « 

5 o Angular  variation  of  the  neutron  flux  from  the  D-D 
reaction.  X(8^)/I(0)°  This  quantity  was  computed  from  the 
data  published  by  Hunter  and  Riohards^o 

60  Measurement  of  nYo  the  number  of  scattering  nuclei. 

Each  seatterer  was  weighed  on  a suitable  balanoe  to  about  one 
per  cent  accuracy. 

7c  Angular  variation  in  sensitivity  of  the  neutron 
detector.  This  quantity  varied  by  about  23  pear  cent 

over  the  range  ofSj  in  this  experiment.  The  value  of 
A{®2^  na®  measured  to  within  about  3 per  cent  by  rotating  idle 


detector  about  an  axis  through  the  detector  perpendicular 
to  the  source -detect or  axis* 

8®  Measuremant  of  the  total  oross  aeotion  . This 

was  measured  by  using  1 1/8  inoh  diameter,  1 inch  long 

* 

cylinders  of  aluminum.  Iron  and  lead*  The  cross  sections 

# 

obtained  for  Ejj  * 3«7  Her  were  or(Al)  * 2*55  barns p 

} ® 3a51  bams,  and  <F(Fb)  * 7*60  bams  each  in  agree- 

10 

ment  with  the  values  obtained  by  Hereson  and  harden  • The 
soattering-ln  oorreoticns  were  0*73,  2*4,  and  4*3  per  cent, 
respectively,  for  Alg  Pe  and  Fb,  and  were  obtained  from  our 
measurements  of  the  differential  cross  section  * 

9o  The  attenuation  footer.  ?.  This  factor  varied  free 
unity  by  as  much  as  14  per  cent  depending  on  the  else  and 
shape  of  the  soatterer*  This  quantity  is  discussed  briefly 
in  Appendix  I and  a graph  of  its  variation  is  given  in 
Pig®  2o 

10 o Geometrical  Measurements » Measurements  of  distance 
were  carried  out  to  about  + 1 millimeter*  The  consequent 
calculation  of  mean  angles  Is  thus  accurate  to  about  one 
per  cents  However,  because  of  ths  finite  else  of  the  de- 
tector (1  inch  diameter,  3/8  inch  height)  and  the  finite 
else  of  the  soatterers,  the  detected  neutrons  are  reoelved 
over  a range  of  angles  of  about  + 10  degrees  in  the  worst 
ease  near  © * 90  degrees® 
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11  o Variation  of  the  sensitivity  of  the  detector  with 
neutron  energy.  This  me  measured  by  comparing  our  measure- 
ment of  the  angular  distribution  of  neutrons  from  the  D«B 
reaction  with  those  of  Hunter  and  Richards^  e the  discrepancy 
being  ascribed  to  a non^miform  effioienoy  In  our  detector o 
As  may  be  seen  In  Figo  3,  the  sensitivity  only  drops  off 
slowly  with  decreasing  neutron  energy e decreasing  by  40 
per  oent  in  1 Mev.  Since  it  Is  desired  to  discriminate 
against  neutrons  that  have  lost  mare  than  200  Kev,  this  con- 
stitutes a serious  objection  to  the  use  of  the  Inclte-slne 
sulphide  detector  In  this  experiment.  However,  if  the  In* 
elastically  scattered  neutrons  are  more  uniformly  distributed 
In  angle  than  the  elastically  scattered  neutrons,  then  ths 
general  features  of  the  differential  cross  section  far  elastic 
scattering  will  still  be  evident.  In  any  oase  the  value  ob- 
tained for  (TO)  oust  be  such  that  the  total  cross  section 
gotten  by  Integrating  CT(  © ) is  less  than  the  measured  total 
cross  section.  That  this  Is  ths  oase  will  be  shown  later. 

12 o Sensitivity  of  counter  to  gamma  rays,  Neutron 
detector  oust  not  oaunt  the  gamine  rays  resulting  from  ths 
inelastic  scattering  of  neutrons.  An  aapoule  containing 
0.1  mlili gram  of  radius  was  placed  directly  cn  the  Incite* 
sine  sulphide  detector  and  gavo  a negligible  counting  rate 
(less  than  1 count  in  100  seconds). 


(ua)  a = jfqtA"jqtsu©s  ©atq«To.z 


energy  of  neutrons  - mev 


13  o Higher  order  scattering*  Appendix  II  give*  am 
account  of  the  inethod  used  in  this  experiment  to  allow  far 
double  scattering « Essentially  it  involves  placing  an  upper 
and  lower  bound  on  the  possible  values  of  QT  ( © ) far  an  ob- 
served sequence  of  values  of$*(0)  as  a function  of  the  axial 
thickness  of  the  ring®  The  first  calculation  estimates  the 

ears 

nature  of  the  variation  of  CT  ( 0 ) with  d/a  under  the  assumption 
of  isotropio  scattering*  This  is  given  by  Eq»  (13)  which, 
after  comparing  with  Pig*  40  i * seen  to  reduce  to  the  prac- 
tical formula 

— — * 

(T(0  ) •tro(0  ) - *282  §■  (©)  (2) 

where  W ( ©)  is  the  intercept  at  d/a  * 0 of  the  linear 

W ft  , 

portion  of  the  curve  and  £T  ( &)  is  the  slope  of  the  0"  ( © ) 
versus  d/a  curve  in  the  linear  portion* 

The  second  calculation  states  that  if  the  angular  dis- 
tribution is  peaked  strongly  forward,  than  one  expects  that 
the  double  scattering  contribution  will  oause  £T(0)  to  be 
a linear  function  of  d or  d/a0  In  this  case  cr^(  0)  is  tbs 
true  differential  scattering  oross  section*  Both  of  these 
extrapolations  are  presented  on  the  graphs* 

If  triple  scattering  is  present,  than  CT(0)  should  be 
a quadratic  function  of  d or  d/a  for  the  oase  in  which  there 
is  a strong  forward  peaking  of  the  scattering*  Figure  5 for 
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be  isotropic.  Specifically  this  curve  is  a 
plot  of  the  function  G as  defined  in 
Appendix  IIo 


FIGURE  5. 

Apparent  differential  cross  section  of  iron  versus  thickness  of 
ring  ecatterer  for  three  different  scattering  angles*  The  thick- 
ness is  measured  relative  to  a quantity  a,  which  we  have  taken  to 
be  equal  to  the  radial  width  of  the  ring""in  order  to  establish 
a correspondence  between  the  ring  scatterer  and  the  right  circular 
cylinder  scatterer* 


the  oaso  of  Iron  shears  some  Indication  of  the  prosenoe  of 
trlplo  acatteiing,  however,  the  experimental  uncertainty  is 
too  large  to  consider  this  definite*  Ho  attempt  mis  made  to 
remove  the  triple  scattering  contributions » 

▲ typical  run  of  data  was  mads  as  follower  (1)  direct 
beam;  (2)  attenuated  beam;  (3)  scattered  beam  from  one  of 
the  rings  for  all  values  of  the  scattering  angle;  (4) 
attenuated  beam;  (3)  direct  beam®  If  the  tiro  values  of  the 
direct  beam  determination  differed  by  more  than  10  per  cent, 
the  data  mere  discarded* 

DATA 

* « 

Figures  6,  7,  end  8 shorn  the  experimental  points  of  the 
apparent  differential  cross  section  for  3o7  Mev  neutrons 
incident  on  aluminum,  iron,  and  lead  ae  calculated  from 
Sq»  (Do  Only  a limited  number  of  angles  mere  chosen  in 
order  to  determine  the  effects  of  higher  carder  soatterlngo 
Figure  5 shows  the  variation  of  5r(©)  aa  a function  of  tbs 
ring  thlokness  for  the  case  of  iron*  In  the  same  manner, 
similar  curves  mere  obtained  for  lead  and  aluminum*  She 
extrapolations  both  for  lsotrople  scattering  and  forward 
peaked  scattering  are  shown  in  Figures  6,  7,  and  8 where  a 
carve  is  drawn  through  the  points  thought  to  be  the  appropriate 
differential  cross  seetlon,  CT(  ©)  for  each  oase«  She  total 
cross  sections  corresponding  to  CT(  © ) have  been  calculated 
and  are  presented  together  with  the  measured  total  cross  section 
in  Sable  I*  It  will  be  noted  that  the  integrated  differential 
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FIGURE  7»  Angular  distribution  of  3o7  Mev  neutrons  scattered 

from  iron*  Other  remarks  in  caption  of  Pig*  6 apply 
here  also* 
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TABLE  I. 


Slsrndnt 

i 

cr  _ „ (monsured) 
total 

1 

• 

In  bams.  . . 



(crCe)^aQ 

" i -Jwi * BB.  — — — 1 

| 

Neroson  end 

crT 

This  Exp to 

Dai'dsn 

(bams ) 

1 i 

Aliatiinura 

! 2.55 

1 

1 

2.00 

H 

1.73 

| 

0.82 

! i 

\ 

1 

Iron 

3*^1 

3.55 

2,  94 

0.57 

Lead 

_Lr 

rr  *rn 

i • : « 

[jar 

2.U3 

Total  cross  sections Q The  valua  of 
the  reservations  in  the  tart  Is  the 


cr(e)d  jTX^  aubjeot  to 

total  elastic  cross  section.. 


crass  sections  in  each  case  is  lees  than  the  measured  total 
cross  section * 2 he  total  inelastic  cross  section  cannot  ha 

obtained  as  the  difference  between  the  two  former  cross 
sections  since  the  measurement  of  the  differential  cross 
section  did  not  discriminate  adequately  against  the  inelae® 
tically  scattered  neutrons  » However,  this  subtraction  can 
be  oazried  out  approximately  if  one  accepts  the  following 
rather  crude  estimate  of  the  inelastic  contribution  to 
CT ( S ) x There  are  seven  levels  in  aluminum  that  can  be 
excited  by  3o7  Her  neutrons^"  » If  we  assume  that  the  naxloum 
total  inelastic  cross  section  is  about  30  per  oent  of  the  total 
cross  section,  and  that  the  seven  levels  in  aluminum  are  equally 
excited  , then  the  inelastic  neutrons  contribute  less  them  15 
per  cent  to  the  total  cross  sections  corresponding  to  CF  ( 0 )<, 
Similar  arguments  using  the  known  levels  in  iron  and  lead  show 
that  the  inelastic  contribution  in  these  elements  is  less  than 
20  per  cento 
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APPENDIX  Io  SCATTERING  OP  NEUTRONS  THROUGH  RING  SCATTERER  BT 


SINGLE  SCATTERING. 


In  general*  the  scattering  r&tionis  made  up  of  a sum  of 
terms  S ■ + S2  where  S^?  S2»  etc*  refer  to  the 

neutrons  scattered  Into  the  detector  by  single  scattering r 
double  scattsringj  etc<>  For  the  single  scattering  case 
( rigs o 1 and  9a)  we  have 


oK©)n  exp 


<rn(r. 


'] 


JL(®0)E(E  )dV  (3) 
z n 


The  geometry  ia  such  that  only  smll  errors  will  be 
introduced  if  Eq»  (3)  is  replaced  by 


*T  [I(  V/I(0>  0 oCT(«)nA(©  )E(E JTKe.^c^) 


(4) 


where 


0*n(r 


1 


d7 


(5) 


and  the  mean  angles  and  distances  are  used  for  8^0  ©2e  Rq9 
aid  Rgo  For  a fixed  else  of  ring  soatterer0  the  quantity  F is 
a function  of  and  ©go  Hcwerer,,  since  only  varies  fToe 


t=X8o 


PIGUFE  9o  DETAIL  OP  SCATTERING  GEOMETRY t (a)  single 
scattering?  (b)  double  scattering. 


about  5°  to  15° 9 little  error  and  much  simplification  is 
introduced  by  computing  F for  * 0*  For  the  rectangular 
cross  section  of  our  scatterer9  the  integral  F may  be  evaluated 
in  terms  of  elementary  functions  a The  results  are  displayed 
in  Figure  2o 

If  only  single  scattering  were  present B the  quantity 
could  be  replaced  by  the  measured  data  S and  the  differential 
ere  us  section  Q“(  @ ) could  be  calculated » In  any  case  the 
reduction  of  the  data  Is  facilitated  by  defining  an  effective 
single  scattering  differential  cross  section  0"!  @ ) such  that 


r 


s * 


K \ )/I(  o ) |r02/VV  I . < ® )n&(  e2 )E(En ) VF(  ®2  )exp(  - <ynd ) 


o/ 
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APPENDIX  II o SCATTERING  OP  NEUTRONS  THROUGH'  RING  SCATTERER 


BY  DOUBLE  SCATTERING. 


Using  the  quantities  defined  in  Figures  1 and  9b , the 
double  scattering  ratio  is  seen  to  be 


>CTn{r-»  + r 


12 


A(®2)E(En)dY1dY2 


An  analytical  solution  of  this  integral  seems  quite 
involved,  if  not  hopeless , for  the  geometry  of  the  ring 
scatterero  In  order  to  get  some  feeling  for  the  manner  in 
which  the  double  scattering  “varies  with  the  thickness  of  the 
ring,  we  have  chosen  to  calculate  the  straight  through  double 
scattering  from  a right  circular  cylinder  assuming  isotropic 
scattering  (CTt©*)  * constants  In  order  to  simplify  this 
case  as  much  as  possible,  let  the  neutron  beam,  incident  on 
the  circular  end  of  the  cylinder,  be  parallel  to  the  cylinder 
axis,  and  let  the  detector  sensitivities  A(*i>2)  ® E(Ert)  » 1® 
Also  lot  + r2  be  replaced  by  an  approximate  mean  value  4, 
the  thickness  of  the  o y Under  o Equation  (7)  then  reduces  to 


_ « 2 2 

sos \Ct  n 


/l6t?R22j0  •*P^C t1^)^  J ri2  *txP^®r,irl2^dVldV2  ( 8) 

V1  V2 


=20 


If  the  exponential  function  is  expanded  and  the  first  three 
terms  retained,  Sg  reduces  to  the  following* 

~j.  exp(~0  ndMX-S'ndY  + ijr2n2a2£  ) (9) 

where 


a4A6H2 


X * ®2d2/a2 . lnd/a  + 2d2/a2Sin  h=1d/2a 
+ Cos  h^l  * fi2/2a2)  + 2d2/a2~d4/4a4 


(10) 


=(  l=42/2a2 ) • ^(  1 +d2/2a2)2^ 


1/2 


7*8 


/[  Xd/2m=*xp'  «xd/2a )Sin  h( xd/2a )J  * )Sin  Xodx/x4  ( U ) 


Old 


2 - *W 


(12) 


© is  integration  of  x was  facilitated  by  the  use  of  a 

12 

theorem  in  vector  analysis  o The  integration  of  Y oan  b© 
effected  by  recognising  that  the  integral  corresponds  to  the 
electrostatic  energy  of  a uniform  volume  distribution  of 
oharge^o 
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If  the  single  scattering  ratio  S5  is  calculated  for  the 
right  circular  cylinder  under  the  same  assumptions e then  the 
effective  single  scattering  cross  section  is  given  by 


SVcr  * 1 * ( (Qrna/4 ) G(d/a) 


.13) 


where 


G(d/a ) = (a/d)(X»<rnaY  + ^a-2n2a2B  ) 


(14 ) 


and  is  written  only  as  a function  of  d/a  since  it  varies  but 
slowly  with  <fV}fi  as  cay  be  seen  in  Figure  4o  By  considering 
the  mean  curve  to  apply  to  all  cases  of  interest  the  function  G 
becomes  a function  of  d/ta  only* 

To  apply  the  calculations  of  the  right  circular  cylinder 
to  the  case  of  the  ring  acatterer,  we  assume  that  except  for 
loultiplying  angular  functions^  the  geometrical  variation  at 
the  single  and  double  scattering  ratios  is  given  correctly  a 
after  associating  the  radial  thickness  of  the  ring  eoatterer, 
b0  with  the  radius  of  the  cylinder 0 a» 

If 8 instead  of  Isotropic  scattering^  one  takes  the  other 
extreme  of  an  angular  distribution  peaked  strongly  in  the 
forward  direction,  one  finds  that  the  single  scattering-ratio 
in  the  ring  scattering  varies  as  d exp  (->o"nd)  whereas  the 
double  scattering  ratio  varies  as  d^  exp  (-(Thd)?  thus  leading 
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to  a linear  variation  of  the  apparent  single  scattering  cross 
section  with  the  thlcicness  of  the  ring* 


t 
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